Previous studies have shown that several bacterial species exhibit a multigenic response following temperature downshift (cold shock). Evidence for such a response in Salmonella typhimurium is reported, based on the isolation of a range of low-induction-temperature gene fusions containing Mudlux insertions. The fusions exhibited different levels of basal light at 30 "C, and were induced at different rates and to different degrees over several hours following a reduction in temperature to 10 OC. Of the Mudlux gene fusions isolated, one was found which produced essentially no light when grown at 30 "C but exhibited rapid and high-level induction when the temperature was reduced to I 0 OC. The target of this gene fusion (which was named CSlpB) was shown to lie adjacent to the umuDC operon and to encode a homologue of the major cold-shock protein of Escherichia coli, CspA. Luminescence studies revealed that substantial light production occurred from the cspB: : Mudlux fusion at or below 22 "C but not at higher temperatures, even following a temperature drop from 30 OC. Moreover, crpB mRNA levels were found to mimic this pattern of luminescence, suggesting that cspB expression occurs below a defined temperature threshold. The cspB mRNA was also found to be very stable at 10 "C but to become highly unstable when the temperature was raised towards the threshold temperature, even in the presence of rifampicin. Existing cellular RNases therefore appear to mediate the decay of crpB mRNA at high temperatures, but are incapable of this at low temperatures.
INTRODUCTION
Most eubacteria have the capacity to grow over a temperature range of about 40 "C. In the (normal) midrange of temperatures, the logarithm of growth rate is inversely proportional to the absolute temperature, whilst above and below the normal range, growth rate is less than predicted by extrapolation of the Arrhenius relationship (Neidhardt et al., 1990) . Reduction in temperature below the normal range has been shown to result in a selective increase in the synthesis of specific The EMBL accession number for the csp6 sequence reported in this paper is Y11932.
subsets of proteins in a wide range of bacteria. In several studies, these proteins have been referred to as the cold- Nakashima et al., 1996) . Database searches have revealed that CspA is a member of a highly related family of RNA-or DNA-binding proteins found in eukaryotes, several of which (the Y-box proteins) bind to the core sequence CTGATTGGCCAA (for recent reviews, see Lee et al., 1994; Wolffe, 1994) . The promoters of several (but not all) E . coli cold-shock genes have also been shown to contain ATTGG sequences in direct or inverted forms (La Teanna et al.,
1991; Jones et al., 1992; Qoronfleh et al., 1992).
In the present study, we report the use of a Mudlux element (which encodes genes for bioluminescence) for tagging genes of Salmonella enterica serovar Typhimurium (designated Salmonella typhimurium) which exhibit low-temperature induction. Our data indicate that a range of genes are involved, which exhibit a variety of basal activities at 30 "C and which are differentially expressed following cold shock. Evidence is provided that one of these genes, which we have termed cspB, encodes a homologue of the E . coli polypeptide, CspA. Our studies indicate that a specific temperature threshold operates for cspB expression and this aspect is further explored.
METHODS
Bacterial strains, plasmids and media. Strains and plasmids are described in Table 1 . S. typhimurium SL1344 and the construction of a Mudlux pool in the galE derivative, MPG202, have been described previously (Francis & Gallagher, 1993) . Cells were grown overnight at 30 or 37 "C with shaking in LB containing antibiotics (50 pg ml-l) where appropriate. P22HTint4 was used for transduction and for this purpose, overnight cultures of galE mutants were grown in medium containing glucose and galactose, each at 0 2 % (w/v), to facilitate infection. Bioluminescent samples were diluted from overnight cultures in appropriate volumes to approximately 10' c.f.u. ml-l and allowed to enter exponential growth for 1 h before further treatment. Samples (10 ml) were removed at suitable time intervals and light emission was measured immediately (in c.p.m.) from individual samples in a Beckman liquid scintillation counter (model LS1701) for 30 s periods. Mud-P22 lysates were prepared as previously described by Benson & Goldman (1992) .
Recombinant DNA techniques. Standard DNA manipulation was carried out as described by Sambrook et al. (1989) . PCR was based on the method of Scharf et al. (1986) . Initially, samples were denatured for 5 min (95 "C), followed by 35 cycles of 1 min denaturation (95 "C), 30 s annealing (42 "C) and 2 min elongation (72 "C). Oligonucleotides used for amplification of the E. coli cspA gene (for Southern blotting) corresponded to residues 617-634 and the complement of residues 900-917 as published (Goldstein et al., 1990) , but with substitution of C and G for residues G and C at bases 915 and 910, respectively. Oligonucleotides used for amplification of the S. typhimurium cspB gene for use as a probe in Northern blotting corresponded to residues 498-518 and the complement of residues 753-768 (Fig. 3a) , respectively. DNA probes were labelled by random priming as described by Feinberg & Vogelstein (1983 , 1984 . DNA (both strands) was sequenced with Sequenase (USB) using the dideoxy chain-termination method. The GCG package version 7 (Genetics Computer Group, Wisconsin, MA, USA) was used for sequence analysis.
Southern and Northern blotting were carried out on Hybond-N membranes (Amersham) as described by Maniatis et al. Ausubel et al. (1992) . Primers corresponded to bases 580-597 and 561-576 from the non-coding strand (Fig.  3a) . [Y-~~PIATP (Amersham) and T4 polynucleotide kinase (New England Biolabs) were used for end-labelling primers for direct probing or for reverse transcription, and AMV reverse transcriptase (Boehringer Mannheim) was used for mapping transcriptional start sites.
RESULTS
Isolation of /it:: Mud/ux fusions of S. typhimurium
In a previous study (Francis & Gallagher, 1993) , we reported the construction of a pool of 65000 independent Mudlux fusions in MPG202. This pool of cells was plated at a suitable density and screened for fusions with a low induction temperature (designated lit).
Colonies were grown overnight at 30 "C and initially screened by eye to identify light-emitting fusions. The plates were then incubated at 10 "C overnight and screened for fusions which selectively produced light at low temperature. This resulted in 49 lit fusions. However, upon rescreening, 16 of these fusions were found to produce unacceptably high levels of basal light before incubation at 10 "C and so were eliminated from further analysis. The induction profiles of the remaining lit fusions were examined at various time intervals following initial growth in liquid media at 30 "C and subsequent incubation at 10 "C. Representative bioluminescent data are shown for a selection of these fusions ( Fig. 1) . It can be seen that the fusions varied considerably in their basal level of luminescence at 30 "C, and also in the degree and the rate of light production over the 6 h period following cold shock. This suggested that a number of target genes were involved. Of the fusions examined, strain MPG300 was found to exhibit minimal levels of light at 30 "C but to be the most rapidly and most highly induced fusion at 10 "C. This fusion was transduced into a galE+ background, MPG361, for further characterization.
The Mudlux element in MPG361 lies within a cspA homologue, adjacent to the umuDC operon CspA has been reported to be the most rapidly and highly induced protein in E. coli following temperature downshift to 10 "C (Jones et al., 1987; Goldstein et al., 1990) . The extremely low level of light ( Fig. 1 ) which was seen at 30 "C, and the time course and intensity of light production from MPG300 following incubation at 10 "C, suggested that the Mudlux element in these cells may have inserted within an S. typhimuriurn equivalent of the E. coli cspA gene. We therefore examined whether evidence for linkage between a cspA homologue and the Mudlux element in the MPG300 derivative MPG361 could be obtained by PCR. Primers were designed which corresponded to the first eighteen bases of the coding region (from the ATG) of the sense strand of the E. coli cspA gene (Goldstein et al., 1990) , and to a twenty base region which corresponded to nucleotide residues 83-64 from the terminus of the P-segment of phage Mu (Kahmann & Kamp, 1979) . Amplification of chromosomal DNA from MPG361 resulted in a fragment of approximately 150 base pairs which was subsequently blunt-ended with Klenow polymerase and inserted into the SmaI site of pBluescript KS (Short et al., 1988) , forming plasmid pKPF1. Sequencing of the fragment revealed a cspA homologue which was fused 70 bases downstream from the start of the cspA primer, to the terminus of the P-segment of phage M u (data not shown). The predicted sequence of the ORF from amino acid residues 7-23 was found to exhibit 83 % identity to the corresponding region of the E. coli CspA polypeptide. We have named the gene cspB,, since a Salmonella homologue with 100% nucleic acid identity to cspAEc has already been entered in the public databases (accession number L23115). Database analysis revealed that the sequence corresponded to a partial ORF which had been identified previously and which lay adjacent to the umuDC operon of S. typhirnurium (Smith et al., 1990) . Strain TT152.50 is part of the Mud-P22 rapid mapping set (Benson & Goldman, 1992) for S. typhimurium and has been used previously to map the umu operon (Smith et al., 1990) . When induced with mitomycin, this strain produces a lysate which is highly enriched with DNA between 35.9 and 40.5 genetic minutes. Nucleic acid from this lysate was therefore used to confirm the location of cspB by Southern blotting, using the PCRamplified cspA gene of E. coli as a probe. From Fig. 2 , it can be seen that this lysate does indeed carry a cspA homologue. [Our experiments have confirmed the presence of a cspA gene in S. typhirnurium which maps to approximately 79 min (unpublished data). However, this gene is not detected in the blot shown in Fig. 2 , under the hybridization conditions used, because of the high level of localized enrichment of DNA which occurs using the Mud-P22 system]. A Sac1 fragment of approximately 5 kb was subsequently cloned from this lysate into pBluescript KS (forming p JEC22) and the complete sequence of the cspB gene was obtained (Fig. 3a) . The gene encoded an ORF of 70 amino acids with 64 YO, 67 YO and 80% identity to the CspA, CspB and CspG proteins of E. coli, respectively. Sequence analysis also revealed that the sequence reported previously to lie between umuC and cspB (Smith et al., 1990 ) contained a contiguous duplication (bases 59-151 ; Fig. 3a) which was not present in our clone. PCR analysis using flanking oligonucleotides has confirmed that only a single copy of this sequence is present on the S. typhimurium chromo- Etchegaray et al., 1996) . Exponential cultures of MPG361 were therefore grown continuously from low cell density at fixed temperatures or were initially grown at the fixed temperature for 1 h and were then subjected to a temperature reduction. At suitable time intervals, samples were taken and directly examined for light production in a liquid scintillation counter. The results shown in Fig. 4 are for samples which were initially grown at 30 or 24"C, with or without a further temperature downshift to 24 or 22 "C. It can be seen that substantial light induction occurred from MPG361 cells whenever they were shifted to 22 "C, independently of the initial starting temperature, and that light production remained high over the time period examined. In contrast, only low light levels could be detected above this temperature, even after a temperature reduction of 30 "C to 24 "C. This suggests that a large temperature downshift is not a necessary requirement for induction of cspB in S. typhimurium, but that substantial gene expression occurs at or below a temperature threshold of approximately 22 "C. some (data not shown). Primer extension studies using RNA isolated from cells at 10 "C revealed a single transcriptional start point for cspB which lies 145 bases upstream of the translational initiation codon (Fig. 3b) .
Bioluminescence from MPG361 occurs below a threshold temperature
To explore the pattern of light production from MPG361 more fully, we examined whether a large temperature drop was necessary for cspB expression.
Previous studies in E. coli have emphasized that expression of CspA is activated by a temperature downshift, usually of 13 "C or more (Jones & Inouye, 1994;
The threshold temperature for light expression correlates with cspB mRNA levels and involves differential mRNA stability Analysis of the sequence of the insert in pKPFl revealed that an additional T residue lies between residues G,, and T,, of the published sequence of the /I-end of the phage Mu sequence (Kahmann & Kamp, 1979) and that a continuous ORF encoding a polypeptide of 71 amino acids had formed between the cspB gene and the Mudlux element. It therefore remained possible that light production from MPG361 at or below 22 "C (Fig. 4) reflected control at the transcriptional or translational level. To explore the situation further, we examined the levels of cspB mRNA following downshifts from 30 "C to either 24"C, 22°C or 10°C and subsequent in- The transcriptional start site (+1) and the region which is duplicated in the previous report on the umu operon (Smith e t a/., 1990) is shown in lower case letters. The putative UP element is italicized. (b) Identification of the transcriptional start site of cspB. Primer extension analysis was carried out on RNA from SL1344 following incubation a t 10 "C for 1 h. Primers 1 and 2 corresponded to bases 580-597 and 561-576 of the non-coding strand of cspB (Fig. 3a) and were used both for primer extension (lanes 1, 6, 7 and 12) and sequencing of pJEC22 (lanes 2-5 and 8-11, respectively). The sequence is shown as GATC (lanes 2-5 and 8-11, respectively) and the transcriptional start site is indicated (arrows).
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cubation for 1 h. The results (Fig. 5a) show that the level of cspB mRNA correlates with the pattern of light production observed in Fig. 4 . No cspB band was observed following a temperature downshift from 30 "C to 24 "C, yet a clear band was observed from a temperature downshift to 22 "C. Moreover, temperature downshift to 10 "C was observed to result in a further increase in cspB mRNA when compared with the 22 "C sample.
The above studies (Figs 4, 5) showed that light production from MPG361 occurred below a defined temperature of approximately 22 "C and that this correlated with the levels of cspB mRNA observed above and below the temperature threshold. Nevertheless, the basis for how such a temperature-regulated switch may operate was still unclear. Previous in vivo footprinting studies in E. coli (Tanabe et al., 1992) provided evidence for selective protection of the cspA promoter region at low temperature, and also for a cold-shock-specific protein which binds adjacent to the protected region.
More recent studies (Brandi et al., 1996; Goldenberg et al., 1996; Fang et al., 1997) have suggested that differences in mRNA stability at 37 "C and 10 "C are a key component in regulating cspA expression in E. coli.
Our data suggested that temperature-dependent differences in mRNA stability also play a role in the mechanism of cspB expression in S. typhimurium. We therefore decided to examine the relationship between cspB mRNA stability and temperature more specifically and to explore whether such differences in stability are dependent on de novo gene expression. To address these issues, exponential cultures of SL1344 were therefore cold-shocked for 60 min at 10 "C to allow accumulation of cspB mRNA. Rifampicin was then added and the cultures were subsequently maintained at 10 "C or were incubated at 24 "C. Under these conditions (Fig. 5b, c) , it can be seen that the cspB mRNA is highly stable at 10 "C but becomes unstable when the incubation temperature is raised to 24 "C.
DISCUSSION
A range of studies using two-dimensional gel electrophoresis have shown the widespread induction of coldshock proteins in eubacteria following temperature reduction. We have utilized an alternative approach which exploits the use of a light-based reporter system in S. typhimurium to tag genes which exhibit induction at low temperature. The patterns of gene expression suggest that the response is multigenic and that the majority of the genes exhibit some degree of expression independently of cold shock. These findings are in agreement with the studies of Qoronfleh et al. (1992) who reported the use of Tn5::lacZ to tag cold-shock genes in E. coli. The nature of the majority of tagged genetic loci of S. typhimurium isolated in this study remains largely unknown at present. However, the target of the Mudlux insertion in MPG361 revealed that it encodes a homologue of the CspA family of proteins, three of which, CspA, CspB and CspG, have been shown to be induced in E. coli following cold shock. The cspB,, gene was found to be located downstream of the urnu operon between 35-9 and 40 min and to be transcribed in a clockwise direction. The location of the E. coli cspB gene at approximately 35 min would appear coincidental since this gene lies within a region of inversion between the genomes of these two organisms and no equivalent gene lies adjacent to the urnu locus of E. coli. The cspB,, gene was found to be expressed from a single transcriptional start site 145 bp upstream of the translation initiation codon. Assignment of -35 and -10 regions revealed that the -10 box was identical to that of CSPB,, and cspGEc. Closer inspection (Fig. 6) revealed the presence of a TGn motif 5' to the -10 sequence in cspB,, and also, in the corresponding regions of the E. coli cspA, cspB and cspG genes, the Bacillus subtilis cspB gene and the Lactobacillus plantarum cspL gene (although not in the cspP gene of this organism). Such sequences constitute an ' extended -10 promoter ' and are characteristic of promoters in which the -35 box is dispensable (Kumar et al., 1993) . Moreover, an extensive AT-rich region was also identified at around positions -40 to -60 of cspB,,, suggesting the presence of an UP element. Although less evident, AT-rich sequences were also identifiable in the corresponding regions of the above E. coli, B. subtilis and L. plantarum genes. Studies on the E. coli rrnB gene have reported that UP elements may enhance gene expression by 30-fold (Ross et al., 1993) . Previous studies on E. coli reported rapid and high-level expression of cspA mRNA following a temperature downshift from 37 "C (Goldstein et al., 1990; Lee et al., 1994) , with a more substantial response occurring after a large downshift to temperatures such as 10 "C (Jones et al., 1992; Etchegaray et al., 1996) . Moreover, recent studies (Brandi et al., 1996; Goldenberg et al., 1996) have reported that the E. coli cspA mRNA is differentially stabilized at temperatures of 10-15 "C compared to 37 "C. In contrast, mRNA from the E. coli cspB gene was found to be absent at higher temperatures but to accumulate below a threshold of approximately 20 "C. In our studies, we report the use of a luminescent reporter system to monitor expression of the cspB gene of S. typhimurium. We have found that a downshift from 30°C to an intermediate temperature, such as 24"C, produced very low levels of luminescence, but that high-level induction of cspB occurred below an apparent threshold temperature of approximately 22 "C. Moreover, a reduction in temperature of as little as 2 "C (from 24OC to 22°C) was sufficient to activate a substantial light response (see Fig. 4 ). Our studies have also shown that the abundance of cspB mRNA correlates well with the above patterns of luminescence and that 22 "C represents an apparent threshold below which cspB mRNA accumulates. This accumulation of mRNA is enhanced as the temperature is lowered towards 10 "C (Fig. 5a ).
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Tanabe et al. (1992) have reported that the cspA transcript of E. coli is highly abundant at 15 "C but that rapid degradation of the transcript occurred following a temperature upshift from 10°C to 37OC. We have observed similar changes in levels of the cspB transcript from S , typhimurium at such temperatures. Moreover, our studies have clearly revealed that the stability of cspB,, mRNA is also considerably reduced at 24 "C (Fig.  Sb, c) . These data strongly indicate that temperaturedependent differences in the stability of the cspB transcript represent a major control mechanism for regulating CspB production in S. typhimurium. However, it is not yet clear whether an additional mechanism exists for activating transcription below the threshold temperature.
The mechanism for destabilization of the cspB,, transcript above the threshold temperature is also unclear at present. However, differences in cspB mRNA tertiary structure and nuclease sensitivity above and below the threshold temperature seem an zttractive prospect. It is also noteworthy that decreased stability of cspB,, mRNA occurs above the threshold temperature even in the presence of rifampicin (Fig. 5b, c) , indicating that pre-existing cellular RNases are responsible for degradation of the mRNA and that gene expression de novo is unnecessary. The recent observation that the RNase E protein plays a role in the degradation of the E. coli cspA transcript at higher temperatures lends support to this hypothesis (Fang et al., 1997)! although it is unclear at present whether RNase E plays a role in degradation of cspB mRNA in either E. coli or S . typhimurium.
Mechanisms for stabilization of the mRNA at low temperature through masking by ribosomes or other proteins, or through reversible destabilization or inhibition of cellular RNases also remain possibilities at this stage.
